Iron is essential for life in almost all organisms and, in mammals, is absorbed through the villus cells of the duodenum. Using a human colonic carcinoma cell line that has many duodenal characteristics, HT29, we show that genes involved in intestinal iron transport are endogenously expressed. When stably transfected to express the hereditary hemochromatosis protein HFE these cells have increased ferritin levels. We demonstrate that this is not due to an effect on the transferrin (TF)-mediated iron uptake pathway but rather due to inhibition of iron efflux from the cell. The effect of HFE was independent of its interaction with TF receptor 1 as indicated by similar results using both the wild type HFE and the W81A mutant that binds TF receptor 1 with greatly reduced affinity. HFE expression did not affect the mRNA levels of most of the genes involved in iron absorption that were tested; however, it did correspond to a decrease in hephaestin message levels. These results point to a role for HFE in inhibition of iron efflux in HT29 cells. This is a distinct role from that in HeLa and human embryonic kidney 293 cells where HFE has been shown to inhibit TF-mediated iron uptake resulting in decreased ferritin levels. Such a distinction suggests a multifunctional role for HFE that is dependent upon expression levels of proteins involved in iron transport.
Iron is essential for life in almost all organisms and, in mammals, is absorbed through the villus cells of the duodenum. Using a human colonic carcinoma cell line that has many duodenal characteristics, HT29, we show that genes involved in intestinal iron transport are endogenously expressed. When stably transfected to express the hereditary hemochromatosis protein HFE these cells have increased ferritin levels. We demonstrate that this is not due to an effect on the transferrin (TF)-mediated iron uptake pathway but rather due to inhibition of iron efflux from the cell. The effect of HFE was independent of its interaction with TF receptor 1 as indicated by similar results using both the wild type HFE and the W81A mutant that binds TF receptor 1 with greatly reduced affinity. HFE expression did not affect the mRNA levels of most of the genes involved in iron absorption that were tested; however, it did correspond to a decrease in hephaestin message levels. These results point to a role for HFE in inhibition of iron efflux in HT29 cells. This is a distinct role from that in HeLa and human embryonic kidney 293 cells where HFE has been shown to inhibit TF-mediated iron uptake resulting in decreased ferritin levels. Such a distinction suggests a multifunctional role for HFE that is dependent upon expression levels of proteins involved in iron transport.
Dietary iron absorption occurs in the duodenum via villus cells, a differentiated cell type involved in the transport of a variety of nutrients in the body. In mammals, iron homeostasis is controlled at the level of iron uptake rather than excretion, making iron absorption across the intestinal epithelial cell a key control point for iron homeostasis (for a review, see Ref. 1) . Disruptions in iron homeostasis result in a variety of diseases, the most common being Type I hereditary hemochromatosis (HH). 1 Approximately 80% of Type 1 HH cases are due to a missense mutation in the HFE protein whereby a cysteine is mutated to a tyrosine in the ␣-3 domain of this major histocompatibility complex-related protein (2) . This mutation disrupts a disulfide bond required for proper folding of HFE, preventing it from binding to ␤ 2 -microglobulin and trafficking to the cell surface (3) . People with Type 1 HH, an autosomal recessive disorder, absorb too much iron across the intestine, which eventually leads to excessive iron deposition in the liver, heart, and pancreas (4) . The mechanisms by which HFE regulates iron homeostasis at the cellular level are not known. HFE has been shown to interact with TFR1, but mutations in HFE that abrogate this interaction still cause changes in iron homeostasis leaving open the possibility that HFE interacts with other proteins involved in iron uptake, storage, or efflux (5) . Many of the essential proteins involved in the control of iron absorption have been identified. Ferric iron (Fe 3ϩ ) is reduced to the ferrous form (Fe 2ϩ ) prior to absorption into the duodenum. The duodenal cytochrome b reductase (CYBRD1) is a strong candidate for this function (6) . Evidence from two anemic animal models bearing the same naturally occurring mutation in a divalent metal transporter, the Belgrade (b) rat and the microcytic anemia (mk) mouse, indicate that DMT1 (7) (also known as DCT1 (8) and NRAMP2 (9) ) is involved in iron uptake across the apical portion of villus cells. Once inside the enterocyte, iron can be stored in ferritin (FT), a cytosolic iron storage protein, or transported out of the absorptive enterocyte via the basolateral side by the ferrous iron transporter ferroportin 1 (FPN1) (10) (also known as IREG1 (11) and MTP1 (12)). Evidence from the sex-linked anemia (sla) mouse indicates that hephaestin (HEPH), an iron oxidase, facilitates the export of iron out of the villus cell for eventual incorporation into transferrin (TF), the serum iron transport protein (13, 14) .
The effect of HFE expression on iron homeostasis in cell lines remains controversial, and its effect in different cell types within organs appears to vary. In some cell lines such as HeLa, HEK293, and H1299, HFE expression results in decreased intracellular iron levels (15) (16) (17) (18) (19) , while in other cell lines such as THP-1, HFE expression leads to increased intracellular iron levels (20) . Similar to cell lines, lack of functional HFE in humans causes opposite effects on iron levels in different cell types of affected tissues. Early in Type I HH, Kupffer cells of the liver and intestinal enterocytes of the duodenum are ironpoor (21) (22) (23) . On the other hand, hepatocytes in the liver are iron-overloaded (23) . Notably animal models reveal that all of these cell types have detectable levels of HFE mRNA and protein (24 -26) .
The aim of this study was to examine the effect of HFE expression on iron homeostasis in HT29 cells, a human colonic carcinoma cell line. These cells were chosen as a cell culture model to study the mechanism of HFE because our initial experiments demonstrated negligible expression of HFE but endogenous expression of the other genes involved in intestinal iron absorption and transport. We found that expression of HFE in this cell line led to both increased FT and steady state iron levels. The increased intracellular iron level was not due to an effect on TF-mediated iron uptake as has been observed in HeLa cells expressing HFE (16, 27) . Rather HFE inhibited iron efflux from the cells, eventually leading to increased intracellular iron stores. This effect in HT29 cells, not observed in studies of HFE expressed in HeLa and HEK293 cells (15) (16) (17) 28) but shown in THP-1 cells (20) , suggests that HFE has multiple roles in the maintenance of iron homeostasis in the body. Furthermore, these results give insight to the observation that different cell types in the body respond differently in their iron status when HFE is not functionally expressed (21) (22) (23) .
EXPERIMENTAL PROCEDURES

Cell Culture
The human colon adenocarcinoma cell line HT29 (ATCC no. 38-HTB) exhibits an undifferentiated phenotype under standard growth conditions. When these cells are grown without glucose, but in the presence of galactose, on porous membrane inserts they form tight junctions and an apical microvillus brush border membrane (29, 30) . HT29 cells were seeded in 6-well culture dishes in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, pH 7.4 (nonpolarized) or on cell culture inserts (0.4-m pore size, clear polyester membrane, Costar Inc.) with DMEM without glucose supplemented with 5 mM galactose and 10% fetal bovine serum, pH 7.4 on either side of the insert (polarized). Cells were fed fresh medium every 2 days.
Iron Treatment
Non-polarized Cells-HT29 cells (2 ϫ 10 5 ) were seeded in 6-well culture dishes and 2 days later treated for 24 h with one of the following: 10 M FeCl 3 complexed to nitrilotriacetic acid (NTA), 1 mM ascorbate (Fe-Asc); 10 M diferric TF; 100 M Desferal (Df); or no treatment. The pH of the medium was 7.4 for Df and TF treatments and 5.5 for Fe-Asc treatments. The low pH was used to facilitate the function of the DMT1 transporter and mimic the acidic environment of the intestinal lumen. Untreated wells were included as controls at each pH.
Polarized Cells-HT29 cells (1 ϫ 10 6 ) were seeded onto 24-mm membrane inserts in 6-well dishes. After 15-18 days of culture on the inserts, they were treated for 24 h with one of the following: 100 M Df on both the apical and basolateral sides, 10 M Fe-Asc on the apical side, 10 M TF on the basolateral side, or no treatment. The apical side of the insert contained buffer at pH 5.5 (25 mM HEPES, 140 mM NaCl, 5.4 mM KCl, 5 mM glucose, 1.8 mM CaCl 2 ), and the basolateral side contained the galactose-supplemented medium mentioned above. The cells maintained tight barriers as indicated by the maintenance of a pH differential between the basolateral and apical media.
Generation of HFE-expressing Cell Lines
The plasmids containing either cDNA for the wild type HFE or the W81A HFE mutation, both fused to the octapeptide FLAG sequence at the C terminus (fWTHFE/pcDNA3.1ϩ and fW81AHFE/pcDNA3.1ϩ), have been described previously (3, 5) . HT29 cells were seeded in 35-mm dishes at 2 ϫ 10 5 cells/well 1 day prior to calcium phosphate transfection. Two hundred microliters of HEPES-buffered saline solution (280 mM NaCl, 50 mM HEPES acid, 1.5 mM Na 2 HPO 4 , pH 7.05) was added to 200 l of 0.25 M CaCl 2 and 3 g of plasmid while vortexing. The DNA solution was incubated for 20 min at room temperature, added to 1.6 ml of fresh DMEM supplemented with 10% fetal bovine serum per well, and incubated with cells for 16 h at 37°C, 5% CO 2 . The medium was aspirated and replaced with fresh medium, and cells were incubated for an additional 48 h. Cells were split 1:4 into 100-mm dishes with medium containing 400 g/ml G418 (Geneticin, Calbiochem) for selection. Colonies were selected ϳ4 weeks later and screened by Western analysis for expression of HFE using rabbit anti-HFE (1:10,000 dilution, EX1 no. 137, a gift from J. Feder) and goat anti-rabbit horseradish peroxidase (1:10,000 dilution, Chemicon). The resulting fWTHFE/HT29 and fW81AHFE/HT29 cells were maintained in DMEM supplemented with 10% fetal bovine serum and 400 g/ml G418.
Real Time Quantitative Reverse Transcriptase PCR
RNA was isolated from HT29 cells using the RNeasy RNA isolation kit (Qiagen) and treated with 10 units of DNase (Roche Applied Science) to remove any contaminating genomic DNA. cDNA was synthesized using oligo(dT) primers and Superscript II reverse transcriptase (Invitrogen). Samples were diluted 1:5 after cDNA synthesis, and PCR using GAPDH primers spanning an intron/exon junction was performed to check cDNA yield and confirm the absence of genomic DNA contamination in samples containing no reverse transcriptase. qRT-PCR was carried out in triplicate on each sample for each gene in at least three independent experiments using the SYBR Green detection system on an ABI PRISM 7900 machine (Applied Biosystems). Melting curve experiments established that the fluorescent signal for each amplicon was derived from product only and not from primer dimers. The primer pairs used were designed with Primer Express software (Applied Biosystems) and synthesized by IDT Technologies and are shown in Table I .
Data were analyzed by both the ⌬C T method described previously (24) and the ⌬⌬C T method (53) . Briefly the threshold cycle (C T ) indicates the fractional cycle number at which the amount of amplified target reaches a fixed threshold. The difference in threshold cycles for target (gene of interest) and reference (GAPDH) (C T-Target Ϫ C T-Reference ) is ⌬C T . The difference between the ⌬C T of interest and that of a base-line cDNA calibrator is ⌬⌬C T . The -fold change in mRNA expression between these two, the amount of target normalized to an endogenous reference and relative to a base-line cDNA calibrator normalized to an endogenous reference, is given by 2
Ϫ⌬⌬CT . In order for this calculation to be valid, the efficiencies of target and reference amplifications must be approximately equal across a range of template concentrations. All primer sets used in these studies were validated against the reference primers (GAPDH) to ensure such efficiency. Validation was determined by plotting the log of template concentration versus the ratio of the C T of the gene of interest to the C T of GAPDH. A slope less than or equal to 0.1 indicated an acceptably low variation between the amplification efficiencies of the target and reference.
Western Blot Immunodetection
HT29 cells were lysed with NET-Triton (150 mM NaCl, 5 mM EDTA, and 10 mM Tris (pH 7.4) with 1% Triton X-100) to make whole cell extracts, and protein concentrations were determined by BCA assay (Pierce). Whole cell lysates (30 g) were diluted with 2ϫ Laemmli buffer (125 mM Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, and 10% 2-mercaptoethanol) (31), boiled for 5 min, subjected to electrophoresis on 12% SDS-polyacrylamide gels under reducing conditions, and transferred to nitrocellulose. Immunoblot analysis was carried out using rabbit anti-FT antibody (1:500 dilution, DAKO) or rabbit anti-HFE antibody (1:10,000 dilution, EX1 no. 137) followed by goat anti-rabbit secondary antibody conjugated to horseradish peroxidase (1:10,000 dilution, Chemicon) and detected by enhanced chemiluminescence (SuperSignal, Pierce).
Immunoprecipitation
Immunoprecipitation was carried out on stably transfected fWTHFE/ HT29 cells as described previously (32) with slight modifications. Cell lysates were incubated for 1 h at 4°C with 50 l of protein G-Sepharose (Amersham Biosciences) coated with either 4 l of monoclonal anti-HFE antibody (8C10 mouse anti-hHFE (33)) or 2 g of monoclonal anti-TFR1 antibody (no. 4091, a gift of V. Landt, Washington University, St. Louis, MO). Reimmunoprecipitation of duplicate samples was carried out by incubating the supernatant of the first immunoprecipitation with the second antibody. The samples were subjected to SDS-PAGE analysis on an 8% acrylamide gel, transferred to nitrocellulose, and immunodetected with sheep anti-TFR1 antiserum (1:10,000) (34, 35) or rabbit anti-HFE antibody (1:10,000, EX1 no. 137).
I-TF Binding and 55 Fe-TF Uptake
Human holotransferrin (Intergen Co.) was labeled with Na 125 I (PerkinElmer Life Sciences) using lactoperoxidase as described previously (35) . The rate of 125 I-TF uptake in parent, fWTHFE/HT29, and fW81AHFE/HT29 cells was determined as described previously (16) . 55 Fe loading onto human apoTF and 55 Fe-TF uptake and steady state labeling was also performed as described previously (5, 16). Fe-NTA uptake procedures were modified from a protocol described previously (16) . Subconfluent HT29 cells (parent, fWTHFE, and fW81AHFE) grown in 6-well dishes were washed twice and equilibrated in DMEM, 20 mM HEPES for 15 min at 37°C, 5% CO 2 . Wash medium was replaced with 1 ml of 200 nM 55 Fe-NTA (NTA in 40-fold excess) in DMEM, 20 mM HEPES supplemented with 2 mg/ml ovalbumin. After 5, 10, 15, 30, or 60 min of uptake at 37°C, 5% CO 2 , excess 55 Fe was stripped from the cell surface by washing twice with 2 ml of 5 mM EDTA, phosphate-buffered saline at room temperature. Solubilization detergent (0.1% Triton X-100, 0.1% NaOH) was added to the cells, mixed with 6 ml of UniverSol scintillation fluid (ICN), and counted for 10 min in a scintillation counter (Beckman LS 6000SC).
Fe-NTA Efflux
Subconfluent HT29 cells (parent, fWTHFE, and fW81AHFE) grown in 6-well dishes were washed twice with DMEM, 20 mM HEPES and equilibrated at 37°C, 5% CO 2 for 15 min. The medium was replaced with 200 nM 55 Fe-NTA (NTA in 40-fold excess) in DMEM, 20 mM HEPES supplemented with 2 mg/ml ovalbumin and incubated at 37°C, 5% CO 2 for 3 h. This time point was chosen to allow sufficient time for iron transport across the cell, but it was not long enough for FT synthesis to begin. After 3 h of uptake, the radioactive medium was removed, cells were quickly washed twice at room temperature with 5 mM EDTA, phosphate-buffered saline to remove extracellular or nonspecific 55 Fe from the cell surface, and 1 ml of efflux medium (DMEM, 20 mM HEPES, 1 mM non-radioactive Fe-NTA) was added to the cells and incubated at 37°C for 0, 5, 15, or 30 min. The plates were quickly washed twice with room temperature 5 mM EDTA, phosphate-buffered saline to again remove any extracellular 55 Fe, and the cells were solubilized as described above. Six milliliters of UniverSol (ICN) were added to both the efflux media samples and the solubilized cells and counted as described above.
FIG. 1. Establishment of HT29 cells as a system to study iron homeostasis.
A, to establish the endogenous levels of mRNA expression for each of the genes of interest in HT29 cells, mRNA was isolated from non-polarized cells. qRT-PCR was used to quantify each gene of interest after normalizing to the internal GAPDH control. All samples were run in triplicate in at least three independent experiments, and the average Ϯ S.D. is depicted. B, qRT-PCR was carried out on untransfected HT29 or HeLa cells to determine the relative levels of DMT1 (black columns) and FPN1 (gray columns) in these cell lines. Samples were run in triplicate in at least two independent experiments, and the average Ϯ S.D. is depicted. The C T values of GAPDH were similar in both cell lines, allowing for direct comparisons of mRNA levels. C, to assess mRNA levels at different stages of polarization, RNA was isolated from HT29 cells grown on culture inserts every 2 days for 3 weeks and subjected to qRT-PCR for each gene of interest. All data were normalized to the internal standard, GAPDH, and all mRNA levels are expressed as a -fold change relative to the level of mRNA after 1 day of growth for each gene. Each sample was analyzed in triplicate in two independent experiments, and the average Ϯ S.D. is depicted. D, whole cell lysates (30 g/lane) from different iron treatments were analyzed by Western blot for FT. Non-polarized HT29 cells were treated for 24 h at pH 7.4 with TF or Df or left untreated (Un) and at pH 5.5 with Fe-Asc or left untreated. Polarized HT29 cells (cultured on inserts for 18 days) were treated for 24 h with Fe-Asc on the apical side, TF on the basolateral side, or Df on both sides or were left untreated. The apical buffer was pH 5.5, and the basolateral medium was pH 7.4. These results are representative of three experiments without significant variation between experiments. Baso, basolateral; Ap, apical; NP, non-polarized; POL, polarized.
Statistical Analysis
Average values are represented Ϯ S.D. Statistical significance was determined by unpaired t tests using GraphPad Prism software. p Ͼ 0.05 was not considered significant.
RESULTS
Establishment of HT29 Cells as a System to Study Iron
Homeostasis-To determine whether HT29 cells endogenously express the key genes involved in iron absorption in the intestine, mRNA expression of these genes was examined by qRT-PCR and normalized to the internal standard, GAPDH. In non-polarized HT29 cells, DMT1 and FPN1 mRNA levels were expressed at 2.4-and 1.4-fold lower than that of TFR1, respectively; HEPH was ϳ10-fold below the expression level of TFR1; CYBRD1 was ϳ5% the level of TFR1; and HFE mRNA levels were even lesser (Fig. 1A) . Compared with HeLa cells, which have no differentiated function for iron efflux but have been used previously to examine the function of HFE (16 -18, 27, 32, 36, 37 ), HT29 cells have over 100-fold higher FPN1 mRNA levels and endogenously express FPN1 and DMT1 at similar levels (Fig. 1B) . HT29 cells also express detectable levels of HEPH mRNA, whereas HeLa cells do not (Fig. 1A and data not  shown) . Thus, the expression of FPN1, DMT1, and HEPH in HT29 cells is consistent with the phenotype of cells specialized for iron transport.
HT29 cells were grown on permeable filter inserts and induced to polarize to test whether they exhibited enterocyte-like behavior with respect to an expression pattern of genes involved in iron transport. RNA was isolated from HT29 cells every 2 days for 3 weeks following seeding on cell culture inserts, and the mRNA expression levels of genes related to Chemiluminescence detected ϳ43-and ϳ19/21-kDa bands representing HFE and FT, respectively. HFE migrates as a broad heterogeneous band presumably due to heterogeneity in glycosylation, which has been noted previously (17, 27, 33, 37) . These results are representative of three experiments without significant variation between experiments. B, qRT-PCR was carried out on duplicate samples as used in A to assess FT expression in response to HFE (solid black columns, parent non-polarized; solid gray columns, fWTHFE non-polarized; black striped columns, parent polarized; gray striped columns, fWTHFE polarized). Both the heavy (FTH) and light (FTL) chain mRNA show less than 1.5-fold change in response to HFE expression or polarization. Samples were normalized to the internal control GAPDH and were run in triplicate for two independent experiments, and the average Ϯ S.D. is depicted. C, steady state intracellular iron levels were measured in parent and fWTHFE/HT29 non-polarized cells by treatment with 200 nM iron metabolism were examined. Changes in mRNA at each time point relative to mRNA levels after 1 day of growth were plotted for each gene after samples were normalized to the GAPDH control (Fig. 1C) . The two iron transporters, DMT1 and FPN1, showed the largest increases in mRNA levels upon polarization, approximately 30-and 20-fold, respectively. This increase in mRNA levels is consistent with early iron transport studies showing that the differentiated enterocytes are responsible for iron uptake in the duodenum (38) .
The increase in DMT1 expression could be due to an increase in a specific isoform of this transporter. DMT1 has at least two splice variants, one containing an iron-responsive element (IRE) in the 3Ј-untranslated region (UTR) and one without an IRE (8, 39) . IREs are stem loop structures present in the UTRs of many iron-regulated genes that bind to iron-regulatory proteins (IRPs) with high affinity when the intracellular iron concentration is low. The IRE present in one DMT1 splice form is located in the 3Ј-UTR, similar to TFR1, and has been shown to be regulated by iron in a similar manner, while the isoform lacking the IRE is not responsive to iron stimulus (40) . Using conventional reverse transcriptase PCR, we found that HT29 cells expressed both isoforms of DMT1, and both isoforms increased their expression upon polarization (data not shown).
The mRNA levels of other iron-related proteins were also affected by polarization. HEPH mRNA levels increased up to 10-fold, and CYBRD1 levels increased less than 5-fold, but TFR1 did not change its expression level upon polarization of HT29 cells (Fig. 1C) .
Response to Iron Treatment in Non-polarized and Polarized HT29 Cells-Non-polarized HT29 cells responded to iron treatments in an IRP/IRE-dependent manner that has previously been seen in multiple cell lines (41) (42) (43) . Western blot analysis of the treated cells revealed that FT levels vary in accordance with this mode of regulation; iron treatment increased FT levels, while Df treatment decreased the FT levels consistent with IRPs binding to the 5Ј-UTR of the FT mRNA and blocking translation (Fig. 1D, NP) . Additionally TFR1 mRNA levels decreased upon treatment with TF and increased when the cells were iron-deprived by treatment with Df, while Western blot analysis also indicated similar results (data not shown). This is consistent with previous studies, which demonstrate that under low iron conditions IRPs bind to the 3Ј-UTR of the TFR1 mRNA and protect the message from ribonucleases (for reviews, see Refs. 44 -46) .
FT levels in polarized cells exhibited responses similar to non-polarized cells when subjected to iron loading or deprivation. Polarized HT29 cells were able to respond to TF in that the TF-treated samples showed increased FT levels compared with untreated cells (Fig. 1D, POL) . These results also indicate that FT levels increased in response to TF-mediated iron uptake and thus indirectly demonstrated that the TFR1 and IRPs remained functional once the cells were polarized. The non-TFmediated iron uptake pathway was also functional in polarized cells as seen in the increased FT levels when cells were given Fe-Asc apically. The above experiments were carried out in media of a specific pH to mimic the neutral environment of the blood or the acidic environment of the intestinal lumen.
HFE Expression in HT29 Cells Increases FT Levels-HT29 cells were stably transfected with a previously described FLAG epitope-tagged form of wild type HFE (3, 17) to determine how HFE might affect iron homeostasis in this intestinal-like cell line. HFE expression in HT29 cells (fWTHFE/HT29) resulted in increased FT levels compared with the parent cell line (Fig.  2A) . This was the case in both non-polarized and polarized cells. Increased FT levels are opposite to that observed in other cell lines, such as HeLa or HEK293, that are transfected with the same HFE construct (15, 17) . In HeLa cells, HFE expression results in decreased FT levels due to a decrease in the intracellular labile iron pool (27, 36) . The behavior of the HT29 cells is similar to monocytes and macrophages with respect to iron homeostasis. Increases in FT resulting from HFE expression have been reported previously in human monocytes (47) and in the macrophage-like cell line THP-1 (20) .
Increased FT levels could be due to increases in intracellular iron or other factors that alter FT mRNA levels. To further investigate the basis of the finding that HFE increased levels of FT in HT29 cells, FT mRNA was measured. Inflammatory factors or oxidative stress can increase FT mRNA levels through transcriptional regulation, whereas changes in iron status alter FT translation, leaving mRNA levels unaffected (for a review, see Ref. 48) . To distinguish between these possibilities, qRT-PCR was carried out on HT29 cells (non-polarized and polarized, with and without HFE expression) for both the heavy and light chain subunits of FT (Fig. 2B) . Less than 1.5-fold changes in the mRNA levels of either FT subunit were detected with HFE expression or polarization, ruling out transcriptional regulation as the major factor in the increased FT observed. Consistent with higher FT levels, HFE-expressing cells accumulated more iron than untransfected HT29 cells when a 20-h 55 Fe-TF uptake was carried out to examine steady state levels of intracellular iron (Fig. 2C) . These experiments indicate that the increases in FT observed in HT29 cells expressing HFE reflect higher intracellular iron levels.
Previous studies have demonstrated that HFE and TFR1 interact (17, 18, 49, 50) . To determine whether they interact in the fWTHFE/HT29 cell line, co-immunoprecipitation experiments were carried out. Cell lysates were immunoprecipitated with anti-HFE (8C10 mouse anti-human HFE (33)) or monoclonal anti-TFR1 antibodies followed by immunodetection with sheep anti-TFR1 and rabbit anti-HFE antibodies (Fig. 2D) . In cells expressing fWTHFE, TFR1 co-precipitated with HFE providing evidence for the association of the two proteins in this cell line (Fig. 2D, lanes 2 and 4) . Reimmunoprecipitation of the supernatant with antibodies to HFE showed that HFE was in excess of the TFR1⅐HFE complex (Fig. 2D, lane 5) . Thus, if the effect of HFE is independent of its interaction with TFR1, as has recently been demonstrated in HeLa cells (5) , there is excess HFE over TFR1 in this cell line. mediated iron uptake upon HFE expression was independent of the association of HFE with TFR1 (5). To determine the effect of the interaction between HFE and TFR1 on the FT levels in the HT29 cell line, cells were transfected with fW81AHFE, which has a 5,000-fold lower affinity for TFR1 (51) . Expression of fW81AHFE in HT29 cells also resulted in increased FT levels (Fig. 3) , which indicates that a strong association between TFR1 and HFE is not required for the increased iron accumulation in HT29 cells. A series of TF uptake, iron uptake, and iron efflux studies were performed to determine how HFE affects iron homeostasis in HT29 cells. First we tested to see whether HFE altered TF endocytosis. If HFE increased the rate of TF uptake into HT29 cells, this could result in the increased FT levels observed. Cells were incubated with 100 nM 125 I-TF for 2, 4, 6, or 8 min at 37°C, 5% CO 2 . TF was stripped from the cell surface, and the internal 125 I-TF was counted. All three cell lines had similar numbers of receptors on the cell surface (data not shown), and there was no significant difference between rates of uptake in parent HT29 cells and either HFE-expressing cell line (wild type or W81A), suggesting that the uptake of TF was not affected by HFE expression (Table II) .
HFE Inhibits Iron Efflux from Cells Independently of its Association with TFR1-In HeLa cells, the decrease in TF-
The effect of HFE on cellular iron uptake from TF was tested. If HFE increased the TF-mediated iron uptake in HT29 cells, then increased FT levels would be observed. Parent, fWTHFE/ HT29, and fW81AHFE/HT29 cells were incubated with 100 nM 55 Fe-TF for up to 240 min. The difference in the rates of 55 Fe uptake from TF between parent and either HFE-expressing cell line was not significant, suggesting that this was not the mechanism by which HFE was altering FT levels in the cells (Table II ). These results demonstrate that the TF-mediated iron uptake pathway was unaltered in HFE-expressing HT29 cells and also validated the use of 55 Fe-TF to examine steady state levels of iron in cells (Fig. 2C) . Thus, HT29 cells expressing HFE differ from HeLa cells expressing HFE. In HeLa cells, a 30-40% reduction in 55 Fe uptake from TF leads to reduced FT (5, 16) . The results in the present study suggest that HFE operates by an alternative mechanism to affect intracellular iron levels in HT29 cells compared with HeLa cells.
Given that HFE had little effect on TF-mediated iron uptake in HT29 cells, the non-TF-mediated iron uptake pathway was examined. The higher FT levels observed could be a result of increased iron import or decreased iron export. To assess whether HFE expression increases iron import into the cells, all three cell lines were incubated with 200 nM 55 Fe-NTA for up to 1 h. There was no significant difference between the rates of 55 Fe uptake in parent cells versus HFE-expressing cells (Fig.  4A) , suggesting that this iron import pathway was not affected by HFE expression.
Iron efflux experiments were carried out to determine whether HFE inhibited iron export. Non-polarized cells were treated with 200 nM 55 Fe-NTA for 3 h and washed briefly with 5 mM EDTA to remove any 55 Fe on the cell surface. Efflux medium was placed on the cells for 0, 5, 15, and 30 min to allow for 55 Fe export out of the cells. The amount of 55 Fe remaining inside the cells at each time point was counted. The results showed that the parent cells export 55 Fe 45% faster than fWTHFE and fW81AHFE cells (Fig. 4B) . The experiment was also repeated for the 30-min time point with parent and fWTHFE cells polarized on filter inserts; HFE-expressing cells exported less iron than parent cells similar to non-polarized cells (data not shown). Thus, HFE expression results in the inhibition of iron export leading to increased intracellular iron. Additionally this inhibitory effect is not dependent on an interaction between HFE and TFR1 because the fWTHFE and fW81AHFE cell lines gave similar results.
Changes in mRNA Levels with HFE Expression-The inhibition of iron efflux from HT29 cells expressing HFE suggests that HFE imparts its function on a component of the export machinery. The iron transporter FPN1 and the ferroxidase HEPH are implicated in the export of iron (10 -13, 52) . Additionally other unidentified players could be involved in this step. To determine whether HFE had an effect on the mRNA levels of genes involved in iron transport, qRT-PCR was performed on mRNA from parent and fWTHFE/HT29 cells. The ). The slopes demonstrate that parent cells export 55 Fe 45% faster than the HFE-expressing cell lines. Exponential regression was determined with the Cricket Graph program. These results represent one of two independent experiments performed with six data points per time point with minimal variation between experiments. The percentage of 55 Fe remaining in the transfected cells is significantly greater than in the parent cells for each time point (p Ͻ 0.001).
message levels of the iron-related genes did not change significantly in response to HFE expression for most genes tested except for a significant reduction in HEPH mRNA (Fig. 5 ). This effect was also observed when the cells were polarized (data not shown). While the reduction in HEPH was not confirmed at the protein level due to limitations in antibody sensitivity, it is consistent with the idea that HFE is involved in inhibiting the iron efflux pathway. DISCUSSION We have demonstrated that the human HT29 cell line can be a useful model to study key players involved in intestinal iron absorption because it endogenously expresses a number of genes known to be involved in iron transport in the intestine. When induced to polarize, HT29 cells strongly up-regulated the mRNA expression of the two major iron transporters, DMT1 and FPN1. HEPH mRNA levels also increased substantially upon polarization, while CYBRD1 expression had only a slight increase.
When HT29 cells were stably transfected with HFE, FT levels increased in both non-polarized and polarized cells. Ironindependent processes, such as inflammation and oxidative stress, can increase FT at the transcriptional level. Cytokines, hormones, growth factors, and second messengers can all cause changes in either the heavy or light chain subunit of FT (for a review, see Ref. 48) . The increased FT protein observed in response to HFE expression can be attributed to a change in the intracellular iron level of the cells, not to an alternative influence affecting transcription, because there were no substantial changes in the mRNA levels of either the heavy or light chain subunit of FT due to HFE expression. Additionally, the steady state intracellular iron levels were also increased in HFE-expressing cells indicating that the changes in FT levels reflect the intracellular iron status. Notably, FT levels increased approximately the same amount in both non-polarized and polarized cells upon HFE expression. This result is not surprising, however, because both the iron importer and exporter (DMT1 and FPN1, respectively) increased expression to similar extents upon polarization, therefore maintaining the level of internal iron.
To understand which step of iron cycling or transport HFE affected, we first examined the TF-mediated iron uptake pathway. If HFE increased the rate of TF uptake or the rate of 55 Fe uptake from TF, an elevated level of FT could occur in the cells. In contrast to HeLa cells where expression of HFE causes a 30 -40% reduction in TF-mediated iron uptake (5, 16), no significant changes in TF-mediated iron uptake were detected in HT29 cells. Rather, a 45% decrease in the rate of 55 Fe efflux was detected in cells expressing either wild type HFE or the W81A mutant. In turn, this inhibition of iron export leads to a buildup of intracellular iron stored in FT, also evidenced by increased steady state iron levels. The increase in FT levels upon HFE expression differs from reports that examined iron metabolism in HeLa and HEK293 cells (15, 17) . However, previous studies have shown increased FT levels upon HFE expression in macrophage-like cells (20, 47) . Using an attenuated Salmonella typhimurium strain as a vector to express HFE in monocytes/macrophages from patients with Type 1 HH, Montosi and colleagues (47) found increased iron accumulation compared with untransfected cells. They proposed that this result could be due to enhanced iron uptake or reduced iron efflux from cells; they favored the latter speculation because they only observed an increased iron accumulation after 24 h of treatment with 55 Fe-TF (47) . In another study, Drakesmith and colleagues (20) demonstrated that increased FT resulting from decreased iron efflux occurs when HFE is expressed in the monocyte/macrophage cell line THP-1. The results from these studies, in addition to our own, are consistent with the idea that HFE functions differently in cell types with a specialized function for iron metabolism compared with standard cell culture models. In cells that do not export iron, such as HeLa and HEK293, intracellular iron levels decrease with HFE expression; and in cells that export iron, such as intestinal cells and monocytes/macrophages, intracellular iron levels increase. This could explain why different cell types in the body accumulate iron, while others like Kupffer cells appear iron-depleted. We suggest that in cells that have a differentiated role for iron export, HFE expression increases intracellular FT levels by inhibiting iron efflux. This role for HFE is also in accord with the observation that enterocytes are iron-deprived in HH patients where a non-functional HFE is expressed (22) .
Iron export from intestinal epithelial cells is proposed to occur via the transporter FPN1 in coordination with the ferroxidase HEPH (10 -14, 52). We examined the mRNA levels of the genes involved in iron transport to see whether HFE had an effect especially on genes involved in iron export. We observed no significant differences in mRNA levels in response to HFE expression except for a significant reduction in HEPH message levels. This result is consistent with the model that HFE inhibits iron efflux from cells; however, whether this effect is the result of a direct or indirect mechanism remains to be determined.
Interestingly, HFE can exert this inhibitory function on iron export independently of its interaction with TFR1. We also see FIG. 5 . Changes in mRNA levels in response to HFE expression. qRT-PCR was carried out on non-polarized parent (black columns) and fWTHFE (gray columns) HT29 cells as described under "Experimental Procedures." mRNA expression is graphed as compared with the internal control GAPDH. Samples were run in triplicate in at least five independent experiments, and the average Ϯ S.D. is depicted. *, p Ͻ 0.0001, representing a significant difference in expression compared with parent cells.
in HeLa cells that HFE affects the intracellular iron status independently of TFR1 (5) . However, the effect on the iron status of the cell in response to HFE expression is different in these two cell types. While HT29 cells endogenously express DMT1 and FPN1 at equivalent levels, HeLa cells have very low levels of FPN1, although they express DMT1 at similar levels to HT29 cells. The different responses to HFE expression in different cell types could be due to the deficiency or presence of particular players, for example those involved in iron export. This study suggests that HFE can have multiple roles in maintaining iron homeostasis depending on the availability of other proteins. We speculate that HFE interacts with a variety of proteins, and depending on their abundance, HFE can alter iron uptake or efflux to maintain iron balance. Further experimentation is required to tease out this multifaceted function of HFE and to determine its target in the inhibition of iron export.
